Identifying the proper orientation of the pelvis is a critical step in accurate placement of the femur prosthesis in the acetabulum in Total Hip Replacement (THR) surgeries. The general approach to localize the orientation of the pelvis coordinate system is to use X-ray fluoroscopy to guide the procedure. An alternative can be employing intra-operative ultrasound (US) imaging with pre-operative CT scan or fluoroscopy imaging. In this paper, we propose to replace the need of pre-operative imaging by using a statistical shape model of the pelvis, constructed from several CT images. We then propose an automatic deformable intensity-based registration of the anatomical atlas to a sparse set of 2D ultrasound images of the pelvis in order to localize its anatomical coordinate system. In this registration technique, we first extract a set of 2D slices from a single instance of the pelvic atlas. Each individual 2D slice is generated based on the location of a corresponding 2D ultrasound image. Next, we create simulated ultrasound images out of the 2D atlas slices and calculate a similarity metric between the simulated images and the actual ultrasound images. The similarity metric guides an optimizer to generate an instance of the atlas that best matches the ultrasound data. We demonstrated the feasibility of our proposed approach on two male human cadaver data. The registration was able to localize a patient-specific pelvic coordinate system with origin translation error of 2 mm and 3.45 mm, and average axes rotation error of 3.5 degrees and 3.9 degrees for the two cadavers, respectively.
INTRODUCTION
The increase in the aging population, hence more prevalent osteoarthritis and degenerated hip joint cases, has made Total Hip Replacement (THR) a common surgical procedure. THR involves replacing the hip joint with a prosthetic implant, consisting of femoral and acetabular components. Misalignment of the acetabular component in this procedure can cause dislocation of the hip joint, impingement of the acetabulum and the need of a revision operation. Computer navigation systems can decrease the probability of a revision operation by precisely localizing the pelvic coordinate system and acetabular component orientation 1 . A navigation system which is commonly used in computer assisted orthopedic surgeries is the integration of pre-operative Computed Tomography (CT) and intra-operative X-ray imaging 2, 3 . A 2D/3D registration method using a pre-operative CT and a single standard intra-operative anteriorposterior radiograph has been proposed for evaluation of acetabular cup-orientation in THR by Zheng et al 4 . In addition to extra cost, the pre-operative imaging exposes the patient to significant amount of ionizing radiation. To eliminate the need for pre-operative data, a statistical deformable 2D/3D registration method is introduced to register a statistical shape model of the pelvis constructed of several pelvic CT scans and the single intra-operative X-ray image 5 . However, the result is prone to error in a real-time procedure due to the static nature of X-ray imaging.
Ultrasound (US) imaging and ultrasound-based registration has been proposed as an alternative intra-operative imaging technique for computer-assisted orthopedic surgery, which benefits from the real-time and non-ionizing nature of ultrasound 6, 7 . Several approaches have been proposed to register freehand 2D ultrasound to CT images. A frame-byframe rigid registration method has been proposed by Peterhans et al. to register CT images to the ultrasound images during image acquisition 8 . This method estimates the rigid transform parameters by using an Unscented Kalman Filter (UKF). Barrat et al. have proposed a feature-based registration approach where both ultrasound and CT images are first automatically converted to probability maps that present the bone edge 9 . This approach is then used to register the point set extracted from the ultrasound to the bone surface in CT by optimizing the calibration parameters resulted from the tracked ultrasound acquisition.
Despite promising results above, it is still desirable to eliminate CT imaging and ionizing radiation exposure to the patient altogether. A solution is to replace CT with a statistical atlas model of the pelvis generated from a large population of patients. In a technique proposed by Foroughi et al. the pelvic bone surface is first segmented automatically from the ultrasound data using a dynamic programming approach 10 . The segmentation is then followed by the registration of the segmented points to a statistical atlas model 11 . The primary drawback of this technique is the need for the segmentation of the bone surface from ultrasound data that is generally a very challenging task. This is due to the existence of speckle and shadow in ultrasound images. This method also needs a good approximate initial alignment of the extracted points from the ultrasound with the mean shape of the atlas due to the high sensitivity of the point-based registration methods that use Iterative Closest Point (ICP) optimization, to the initialization. 12 In this work, we propose a fully automated method for the registration of a statistical anatomical atlas to the ultrasound using an intensity-based registration. The proposed approach eliminates the need for the segmentation of the pelvis surface in the ultrasound and as a result, improves the accuracy of the registration. Our atlas generation method is based on the iterative method presented by Chintalapani et al. 13 . We introduce a two-step multi-slice to volume registration method in which, the mean shape of the atlas is first registered rigidly to the freehand 2D ultrasound images, based on an ultrasound simulation method proposed by Wein et al. 14 . Next, an instance of the atlas is created using the atlas dominant mode weights and the similarity metric is calculated between the actual ultrasound and the ultrasound images simulated from the instance of the atlas. The similarity measure is used to optimize the atlas variation mode weights, so that the optimized weights generate an instance of the atlas that best matches the ultrasound images and the patient specific anatomy.
METHODS

Statistical Atlas of the Pelvis
The statistical anatomical atlas that we used is a shape model generated from 110 pelvises from CT scans of healthy male patients. Our atlas consists of a volumetric tetrahedral mesh representing the mean shape (M) and shape variation modes ( ). To construct the shape model, a CT image was chosen as the template. The bone in the template CT was segmented and a tetrahedral mesh was introduced on the bone. The other CTs were aligned with the template CT with a deformable registration method, resulting in a deformation field. A mesh instance was created for each of the CT images by interpolating the deformation field on vertices of the template mesh and a rigid registration was performed on all of the meshes. The mean shape and the variation modes were generated from Principal Component Analysis (PCA) on the registered mesh instances 13 . Once the atlas is created, new instances of the atlas can be generated as follows:
where M * is the instance of the atlas, M is the mean shape, is the number of variation modes and λ i and α i are the ith mode of variation and its corresponding weight, respectively. The minimum number of variation modes required to reconstruct any given pelvis shape is 15 dominant modes, according to Chintalapani et al. 13 . For our atlas generation, we also chose 15 dominant principal modes which represent a shape variation range of 75.9%. In this atlas generation method, the mean shape and all the variations of the atlas are represented by a volumetric tetrahedral mesh. In order to perform the registration between the atlas and the US images, we performed an interpolation on the tetrahedral mesh for each atlas instance to generate a volumetric data. This interpolation was done after atlas instantiation during the registration process. For our US simulation-based registration it is enough to have a binary atlas instance. We assumed that the intensity of the bone for the interpolated volumetric atlas instance is 1024 which is the average bone intensity in CT images. The intensity of the voxels surrounding the bone were set to zero which is assumed to be the intensity of soft tissue in CT images. Assigning different intensities to different regions in the atlas instance image results in the US simulation slices having a similar intensity distribution as the actual US images, since the intensity of soft tissue surrounding the bone in the US image is significantly different from the pixels of the shadow region beneath the bone surface. The tetrahedral mesh and the volumetric representation of the mean shape are shown in Figure 1 .
US Image Acquisition
A stack of ultrasound slices were captured from the right and left iliac crest of the pelvis including the anterior superior iliac spines and also from the body of the pubis containing pubic tubercles (Figure 2 ), where landmarks can be located to define the coordinate system of the pelvis 15 . The ultrasound images were rendered by a tracked freehand 2D transducer. We chose a set of slices that had an acceptable image quality and bone visibility and their corresponding tracking transformations from all the acquired US images and used them in the registration process.
Multi-Slice to Volume Registration
We proposed a multi-slice to volume registration method to register the atlas to the coordinate system of the ultrasound. The registration process consists of a rigid registration of the atlas mean shape and as a result all the variations of the atlas, to the US images. This is followed by a deformable registration to calculate the variation mode weights that instantiate an atlas which best matches the pelvis anatomy represented by the ultrasound images ( Figure 3) . Instead of reconstructing an ultrasound volume from the 2D ultrasound images of the pelvis, we used the US tracking transformations to extract 2D slices from the atlas instance. The translation parameters in the transformation identify the position of the slice to be extracted from the volume and the rotation parameters indicate the orientation of the 2D slices. Then the corresponding atlas instance and ultrasound slices with the same tracking transformations were compared in a fashion that will be explained, to find the similarity measure in the registration process.
Ultrasound Simulation
As we explained in Section 2.1, we assigned intensities close to that of the CT images to the atlas instance volumes. Because of the tissue occlusion in the US images beneath the bone edge, the CT-like images extracted from atlas instance volumes should have been modified so that a rational comparison between each pair of atlas slices and US images would be possible. We used the ultrasound simulation approach proposed by Wein et al. 14 to measure the similarity between the extracted atlas slices and the ultrasound slices. Since our atlas intensities did not contain the intensity information of an actual CT orthopaedic image (CT Hounsfield unit and tissue echogeneity), the ultrasound simulation procedure we employed was simpler and thus faster than Wein's approach.
To simulate an ultrasound image from each slice extracted from an atlas instance, we first located three regions in the slice: pixels above the bone associated to the soft tissue, the bone edge and the shadow region associated with the bone itself. For the first region, intensity values similar to the US were computed by averaging the intensity of pixels in the pair US image that correspond to the region above the bone in the extracted slice. The maximum intensity in the US image was used as the intensity of simulated-US pixels that correspond to the bone edge in the atlas instance slice. Finally, the shadow intensity for the simulated-US was calculated by averaging the intensity of US pixels corresponding to the region beneath the bone in the atlas instance slice. A slice extracted from an atlas instance, its simulated ultrasound image and the corresponding US image are shown in Figures 3 and 4. 
Rigid Registration
In order to initialize the rigid registration, we aligned the mean shape close to the US coordinate system manually resulting in all instances of the atlas being transferred to this initial position. The registration is then started by extracting 2D slices from the mean shape volume using the ultrasound-tracked transformations. A simulated US was created from each of the slices extracted from the atlas instance as described in Section 2.3.1. The similarity metric was then calculated between the actual ultrasound images and the simulated ultrasound slices. The Linear Correlation of Linear Combination (LC 2 ) similarity metric is used, 
where US(x,y) and SimUS(x,y) are the actual and simulated US image pixels' intensities, respectively. N is the number of overlapping pixels in ultrasound and simulated ultrasound images and Var(US) is the variance of US image pixels intensities. The similarity metric led the optimizer to update the registration rigid parameters and the mean shape was transformed using the rigid transformation. The slice extraction and US simulation was repeated until the rigid parameters were optimized to the best value that gives the best position for mean shape with respect to US images. To guarantee the robustness of the registration we used Covariance Matrix Adaptation -Evolution Strategy (CMA-ES) as the optimizer 16, 17 . The result of this registration was an Euler 3D transformation with which the mean shape and all the instances of the atlas were transformed to be in correct rigid alignment with the US images for the deformable registration.
Deformable Registration
Deformable registration of the atlas to ultrasound images was an iterative optimization approach (Figure 3) , similar to the rigid registration process except for the registration parameters. The registration parameters are the weights for the most dominant atlas shape variation modes. The registration is comprised of the following steps: 1) A new instance of the atlas was generated by adjusting the weights associated with its principal variation modes. We used the 15 most dominant modes of variation of the atlas for a precise shape recovery. To create an instance of the atlas that best fits a patient, the weights associated with the variation modes were optimized during the registration process.
2) 2D slices were extracted from the current atlas instance based on the US tracked transformations and a simulated ultrasound was created from each of the slices.
3) The LC 2 similarity measure was calculated between the simulated and the actual ultrasound slices.
4) The CMA-ES optimizer used the similarity metric criteria to update the atlas shape weighting parameters and the previous steps were repeated.
These steps were repeated until the similarity measure converged to its best value and the weights associated with the anatomical shape of the US data were retrieved.
RESULTS AND DISCUSSION
We examined our proposed registration method on two male human cadavers, neither of which were involved in the atlas generation. The test subjects were previously used to test the registration method presented in [11] . Ultrasound images were rendered from the test subjects using SonoSite portable ultrasound system (SonoSite Inc., Bothell,WA) with a high frequency transducer and a data collection rate of 10 frames per second. The ultrasound pixel size was 0.1 mm. The ultrasound probe was tracked by a Polaris optical tracking system (Northern Digital Inc., Waterloo, Canada) and was calibrated by the standard crosswire technique 18 . All the registrations were programmed in C++ language using Insight Segmentation and Registration Toolkit (ITK) and were performed on an Intel Q6600,with 2 × 2.40 GHz Quad-core CPU and 3.24 GB of RAM.
To evaluate the accuracy of our registration process a co-registered CT image to the US slices was used as the ground truth. The CT volume consisted of 260 slices, each containing 256 by 256 pixels with a slice thickness of 1 mm and pixel spacing of 0.7 mm. To register the CT volume to the ultrasound coordinate system without having fiducial markers, the bone surface was segmented in both US and CT. Sample points were extracted from the segmented bone surface in both images and the Iterative Closest Point (ICP) method 19 was performed on the sample points to compute the rigid transformation parameters. The CT volume was then aligned with the US coordinate system using this transformation.
We evaluated the accuracy of our proposed multi-slice to volume registration method by calculating the Target Registration Error (TRE), which is the average distance error of four pelvic anatomical landmarks 15 on the atlas instance registered to the ultrasound and the corresponding landmarks on the co-registered CT volume. In order to find the corresponding landmark coordinates, we first selected four anatomical landmarks on the mean shape manually. Then, the landmarks were transformed to CT coordinate system by registering the atlas to the CT. The coordinates of mean shape landmarks were also localized on the atlas instance which was registered to the ultrasound. The calculated TRE of the landmarks for the two test subjects are 9.15 mm and 7.21 mm, respectively. The anatomical coordinate system of the pelvis was defined for the registered atlas using these landmarks and was compared to the CT coordinate system. The translation error of the origin and the rotation error of pelvis coordinate system axes for the cadavers are reported in table 1. The corresponding registered atlas instance to ultrasound, the simulated ultrasound and the actual ultrasound slices and their overlays before and after registration are shown in Figure 4 .
It can be seen from Table 1 that despite the relatively high registration error of the anatomical landmarks (TRE), a precise localization of pelvis coordinate system was possible. Comparing the coordinate system estimation error with previous work presented in [11] shows that the origin translation error is comparable. But the rotation error of the coordinate system axes is higher specifically along z direction. The higher rotation error is a result of poor quality of ultrasound images acquired from the cadavers especially in the pubic tubercles region ( Figure 5 ). Our registration method depends on an acceptable high intensity contrast of soft tissue and shadow region. As a result, the poor quality of acquire ultrasound images resulted in higher registration error and thus, higher error in coordinate system estimation compared to previous work presented in [11] which is based on bone surface segmentation. The ultrasound images are good enough to segment the bone surface precisely but the shadow region is poorly represented in ultrasound images of the cadavers which result in higher registration error in our method. The coordinate system origin was estimated based on the landmarks on the right and left iliac crest and the acceptable quality of the ultrasound images acquired from these regions resulted in an accurate estimation of the pelvis coordinate system origin. However, the poor quality of the ultrasound images acquired from the pubic tubercles caused a higher TRE for the pubic symphysis landmarks and as a result, higher rotation error along z axis of the estimated coordinate system for the registered atlas to the ultrasound.
The registration error is also partly caused by the ICP gold standard registration of the ultrasound and the CT, as well as the error present in atlas reconstruction of the anatomical shape of the test subjects that were not involved in the atlas generation (the error of atlas to CT registration). The atlas to CT registration error can be decreased by using more atlas variation modes in the registration.
CONCLUSION AND FUTURE WORK
In this paper, we introduced a fully automated registration method of a statistical anatomical atlas to tracked ultrasound images of the pelvis. By using this method, a framework for computer-guided surgery is possible which is only based on ultrasound imaging. Using an atlas in the framework will compensate for the missing anatomical information of the bone in US images. This method can eliminate the need of pre-operative imaging for total hip replacement. The registration is fully automated and no segmentation is needed in the process. This will increase the accuracy and reliability of this registration method in comparison with the previous methods introduced for registering the ultrasound to a shape model that use segmentation of the bone surface in the ultrasound. The registration is only using a small set of ultrasound slices rendered from left and right iliac crest of the pelvis and the pubic tubercles, which speeds up the data acquisition and registration significantly. This can eliminate the need for the reconstruction of a 3D ultrasound volume from freehand 2D images, which is a time consuming procedure. We have tested our proposed method on two male cadavers and have shown that the anatomical coordinate system of pelvis can be localized using the ultrasound images and the atlas anatomical coordinate system. Although our preliminary results show higher error than previous methods involving segmentation of the bone surface, the error is still in an acceptable range.
In our future work, we will perform a patient study on candidates for hip arthroplasty to validate our method in a real scenario. We will investigate the practical usability of the atlas with the anatomical coordinate system stored in the mean shape, by examining the accuracy of the estimated anatomical coordinate system in the patient specific atlas shape compared to patient's pelvic coordinate system. We expect that the high quality ultrasound images from the patients would result in much lower errors than the cadaver study we presented in this paper. We will also test the capability of the atlas generated from healthy pelvises to localize the pelvic anatomical coordinate system of patients with hip disease and look into the effects of the local joint disease on the accuracy of anatomical coordinate system estimation. In addition, the atlas will be examined on female pelvises to evaluate the capability of our male atlas in eliminating the need for generating a unisex atlas composed of male and female pelvises. Although the registration of the male atlas to the female pelvis might not be precise, the coordinate system localization can still be accurate enough. We will also implement our method on GPU to decrease the computation time by adopting multithreading. 20 This will help make the registration suitable for real-time performance.
